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In order to investigate the relationship between the so-called stripe correlations and the high-Tc 
superconductivity, we have carried out magnetic susceptibility and zero-field muon-spin-relaxation 
measurements in partially Fe-substituted La 2 -a:Sra;Cui_yFey 04 (LSCFO). It has been found that 
the Fe substitution induces successive magnetic transitions in the overdoped regime, namely, a 
spin-glass transition of Fe^"*" spins due to the RKKY interaction based on itinerant spins at higher 
temperatures and a stripe-order transition of localized Cu^^ spins at lower temperatures. The stripe- 
order transition disappears at the hole concentration of ~ 0.28 per Cu which coincides with the 
endpoint of the superconductivity in pristine La 2 - 2 :Sra;Cu 04 , suggesting that the stripe correlations 
are closely related to the high-Tc superconductivity in the overdoped regime as well as in the 
underdoped regime. As for the spin-glass state, it has been found that the contribution of polarized 
itinerant spins to the muon-spin depolarization is not negligible. Taking into account neutron¬ 
scattering results by R.-H. He et al. [Phys. Rev. Lett. 107, 127002 (2011)] that a spin-density-wave 
(SDW) order has been observed in overdoped LSCFO, the present results demonstrate the presence 
of a novel coexistent state of a SDW order and a spin-glass state. 


I. INTRODUCTION 

The so-called stripe correlations of holes and spinsi 
have been drawing intense interest in the research field 
of the high-Tc cuprate superconductivity. According to 
the theory by S. A. Kivelson et al.,— the stripe cor¬ 
relations can be a glue to form electron pairs in the 
high-Tc cuprates. Comprehensive experiments of neu¬ 
tron scatteringf^^— muon spin relaxation (^SR)^“— nu¬ 
clear magnetic resonance^^rJ^ and so on have uncovered 
possible existence of the stripe correlations in the under¬ 
doped and optimally doped cuprates. The intimate rela¬ 
tion between the so-called pseudogap and the stripe cor¬ 
relations has been reported from the scanning tunneling 
microscope studyJ^ Moreover, it has been suggested from 
transport measurements that the quantum critical point 
of the stripe correlations is located at the hole concen¬ 
tration per Cu, p, of ~ 0.24 in Lai,6-a;Ndo,4Sra;Cu04 
As for the overdoped regime where the stripe corre¬ 
lations become weak due to the overdoping of holes, 
the inelastic neutron-scattering experiment has revealed 
that the incommensurate spin-correlation characteristic 
of the stripe correlations persists up to p ~ 0.30 in 
La2-a;Sra,Cu04 (LSCO) at which the superconductivity 
disappearsSince the impurity substitution often oper¬ 
ates to slow down various kinds of fluctuations and in¬ 
vestigate the relatively-low-energy excitations, partially 
Zn-substituted La2-sSr2,Cui_j,Znj,04 (LSCZO) has been 
prepared and the /iSR measurements have been carried 
out by Risdiana et al^ As a result, it has also been sug¬ 
gested that the stripe correlations are developed up to 


p ~ 0.30,^- though it has been rather hard to draw a 
final conclusion on account of the weakness of the spin 
correlation developed by the Zn substitution. 

Recently, the elastic neutron-scattering experiment by 
M. Fujita et al>^ has revealed that the stripe corre¬ 
lations are much enhanced by the substitution of a 
small amount of Fe^"*' for Cu^’*' in La2-xSra;Cui_yFey04 
(LSCFO) with p {= X — y) = 0.12. Even in the over¬ 
doped regime, moreover, the Fe substitution has been 
found to induce clear incommensurate magnetic peaks 
in the elastic neutron-scattering experiment, so that 
the magnetic order has been suggested to be a spin- 
density-wave (SDW) order driven by the Fermi-surface 
nestingjiS From our former pSR measurements in 1% Fe- 
substituted LSCFO, it has been found that a muon-spin 
precession due to the formation of a long-range stripe or¬ 
der is clearly observed in the underdoped regime, while 
a fast muon-spin-depolarization without any muon-spin 
precession probably due to the formation of a spin-glass 
state of Fe^+ spins mediated by the Ruderman-Kittel- 
Kasuya-Yosida (RKKY) interaction is observed in the 
overdoped regimeJ^i^S In the overdoped regime of par¬ 
tially Fe-substituted Bii.rsPbo.ssSri.goCuo.giFeo.ogOe-i-s 
also, the elastic neutron-scattering experiment has re¬ 
vealed that incommensurate magnetic peaks are induced 
by the Fe substitutioni^iiS^ The relationship between the 
magnetism in the overdoped regime induced by the Fe 
substitution and the stripe correlations attracts great in¬ 
terest. Therefore, in order to investigate the relationship, 
we have carried out magnetic susceptibility and zero-field 
(ZF) /rSR measurements in LSCFO changing p and the 
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amount of substituted Fe widely. 


II. EXPERIMENTAL 

Polycrystalline samples of LSCFO with x = 0.10 - 
0.30 and y = 0.01 - 0.10 were prepared by the ordi¬ 
nary solid-state reaction methodi^ All the samples were 
checked by the powder x-ray diffraction to be of the single 
phase. Electrical resistivity measurements have revealed 
the good quality of the samples. Magnetic susceptibility 
measurements were performed at temperatures down to 
2 K, using a superconducting (SC) quantum interference 
device magnetometer (Quantum Design, MPMS-XL7). 
ZF-/rSR measurements were performed using the GPS 
spectrometer and the dc positive surface muon beam at 
the Paul Scherrer Institute in Switzerland. The asym¬ 
metry parameter A{t) at a time t was given by A{t) = 
{F(i:,)—aB{t)}/{F{t)+aB{t)}, where F(t) and B(t) were 
total muon events of the forward and backward counters, 
which were aligned in the beam line, respectively. The 
a is the calibration factor reflecting the relative counting 
efficiencies between the forward and backward counters. 
The /iSR time spectrum, namely, the time evolution of 
Ait) was measured at low temperatures down to 1.6 K. 
The data were analyzed using the WiMDA program<^ 


III. RESULTS AND DISCUSSION 

A. Fe-concentration dependence of the magnetic 
susceptibility and pSR in overdoped 

La 2 -a:Sra;Cui_yFey 04 with p = 0.20 

Figure [TJa) shows the temperature dependence of the 
field-cooled (FC) and zero-field-cooled (ZFC) magnetic 
susceptibility in a magnetic field of 10 Oe in overdoped 
LSCFO withp = 0.20 and y = 0.02 - 0.10. The supercon¬ 
ductivity is completely suppressed by the Fe substitution 
except for y = 0.02 where the onset of the SC transition 
is observed at ~ 7 K. A Curie-Weiss-like behavior is ob¬ 
served at high temperatures for all the samples, indicat¬ 
ing a paramagnetic state of Fe^+ spins. With decreasing 
temperature, it is found that all the data deviate down¬ 
ward from the Curie-Weiss-like behavior and show a hys¬ 
teresis between the FC and ZFC data accompanied by 
a local maximum in the ZFC data. These behaviors in¬ 
dicate the formation of a spin-glass state. Surprising is 
that another local maximum is observed at a lower tem¬ 
perature in the ZFC data of y = 0.03 - 0.10, suggesting 
the appearance of another magnetic order. 

The higher (lower) temperature at which the mag¬ 
netic susceptibility shows a local maximum is defined 
as Tgi (T'g 2 ). Fe-concentration dependences of Tgi, Tg 2 
and the SC transition temperature, Tc, are shown in 
Fig. [TDb)j ^°i^^ It is found that both Tgi and Tg 2 in¬ 
crease progressively with increasing y, suggesting that 
the two magnetic phases are developed by the Fe sub- 
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FIG. 1. (color online) (a) Temperature dependence of 
the field-cooled (FC) and zero-field-cooled (ZFC) mag¬ 
netic susceptibility in a magnetic field of 10 Oe for 
La 2 -a:Sra;Cui_yFey 04 (LSCFO) with the hole-concentration 
per Cu, p {= X — y),= 0.20 and y — 0.02 - 0.10 . The arrows 
represent Tgi or Tg 2 defined as the temperature at which the 
ZFC data show a local maximum, (b) Fe-concentration de¬ 
pendences of Tgi, Tg 2 , T\ and the superconducting transition 
temperature, Tc, for LSCFO with p — 0.20.—“^ Error bars 
represent the inflection temperature below which the ZFC 
magnetic susceptibility begins to be suppressed downward. 
The T\ is defined as the temperature at which the depolar¬ 
ization rate of the first component in Eq. (13.111 . Ao, of ySR 
shows a local maximum. Solid and dashed lines are guides to 
the eye. 


stitution. Considering that LSCFO with x = 0.21 and 
y = 0.01 {p = 0.20) undergoes a spin-glass transition 
due to the RKKY interaction at 13 K as reported in our 
previous paper— (shown by o in Fig. [IJb)) and that 
the extrapolation of Tgi into the region below y = 0.02 
passes close to the magnetic transition temperature of 
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13 K at y = 0.01, the spin-glass state between Tgi and 
Tg 2 is of Fe^"*" spins due to the RKKY interaction. The 
extrapolation of Tgi also suggests the coexistence of the 
superconductivity with the spin-glass state at low tem¬ 
peratures below Tgi for y < 0 . 02 . As for the magnetic 
order developed at low temperatures below Tg 2 , it also 
appears to persist in the SC phase even at y = 0, consid¬ 
ering the onset temperature at which the magnetic sus¬ 
ceptibility begins to be suppressed downward as shown 
by the upper limit of the error bar in Fig. [IJb). However, 
the magnetic transition at Tg 2 may be suppressed by the 
superconductivity for y ^ 0 . 02 . 

The successive magnetic transitions have been con¬ 
firmed also from the /iSR measurements. Figure ^a.) 
shows the ZF-/j,SR time spectra of LSCFO with x = 0.25 
and y = 0.05 (p = 0.20) after the subtraction of the 
background from the raw spectra and the normalization 
by the value at t = 0. At a high temperature of 53 K, 
it is found that the spectrum shows a slow muon-spin- 
depolarization of the Gaussian-type due to nuclear dipole 
fields randomly oriented at the muon site, indicating that 
electron spins fluctuate fast beyond the pSR time win¬ 
dow of 10® - 10^^ Hz. With decreasing temperature, 
the muon-spin depolarization becomes fast progressively 
down to 21 K due to the development of the spin cor¬ 
relation. Focusing on the time region over ^ 1 /isec, an 
upward shift of the spectrum with decreasing tempera¬ 
ture is observed at low temperatures below 21 K. This is 
a behavior characteristic of the progress toward the for¬ 
mation of a static magnetic state. Remarkable is that the 
muon-spin depolarization is developed again at low tem¬ 
peratures below 11 K, resulting in the lower asymmetry 
at 2.9 K than that at 11 K. This means that spins fluc¬ 
tuate at 2.9 K faster than at 11 K. Finally, the spectrum 
shifts upward at 1.6 K, indicating the progress toward 
the formation of another static magnetic state. That 
is, the ^SR spectra suggest the occurrence of successive 
magnetic transitions. 

Figure HDb) shows the data in the early time region at 
low temperatures, which are shifted upward regularly for 
clarity. An oscillatory behavior due to the formation of 
a static magnetic order is observed at low temperatures 
below 11 K, corresponding to the upward shift of the 
spectrum with decreasing temperature at low tempera¬ 
tures below 21 K in Fig. Ha). Carefully watching, the 
spectra below 11 K appear to consist of two components 
of oscillation: an apparant oscillation with the period of 
^ 0.13 ysec and a slower oscillation damped fast with 
the period twice as large as the first one. 

To see more clearly, the /rSR spectra were analyzed 
using the following equation: 

A(f)=Aoe-^«‘GKT(A,t)+Aie-^i‘ 

-f ^ cos(7^Hint,*t + </>*)]■ (3.1) 

i=2,3 

The first term represents the non-magnetic component 
in a region where electron spins fluctuate faster than 
the /iSR time window at high temperatures. Note 


that the first term represents the so-called 1/3 compo¬ 
nent at low temperatures below the magnetic transi¬ 
tion temperaturei^ The second term represents the mag¬ 
netically fluctuating component in a region where the 
electron-spin fluctuations slow down leading to a fast 
muon-spin-depolarization. The third and fourth terms 
represent two different magnetically ordered components 
in regions where static magnetic orders are formed. The 
Aq, Ai, A 2 and A 3 are initial asymmetries of the re¬ 
spective components, corresponding to respective volume 
fractions in a sample. The GKT(A,f) is the static Kubo- 
Toyabe function describing the muon-spin depolarization 
due to nuclear dipole fields randomly oriented at the 
muon site with the distribution width, A. The Aq, Ai, A 2 
and A 3 are depolarization rates of the respective compo¬ 
nents. The Hint ,2 and Hint ,3 are internal magnetic fields 
at two different muon-sites and 1/2 and 1/3 are phases of 
the muon-spin precession. The 7 ^ (= 27r x 135.5 MHz/T) 
is the gyromagnetic ratio of muon spins. The /rSR spec¬ 
tra are well fitted using Eq. (ED, as shown by solid lines 
in Fig. Ha) and (b). 

Figures He), (d) and (e) show the temperature depen¬ 
dences of Ao, Hint, 2 , Hint, 3 , Aq, Ai, A 2 and A 3 ofx = 0.25 
and y = 0.05 {p = 0.20). Since it is well known that Aq 
exhibits a peak at the magnetic transition temperature, 
two peaks in Fig. He) indicate the occurrence of succes¬ 
sive magnetic transitions. The temperature at which Aq 
shows a local maximum is defined as T\ and plotted in 
Fig. Hb). Obviously, the higher and lower values of T\ 
correspond to Tgi and Tg 2 , respectively. Thus, the suc¬ 
cessive magnetic transitions observed in both /rSR and 
magnetic susceptibility measurements are regarded as an 
intrinsic nature of overdoped LSCFO. 

As shown in Fig. [11(d), two components of oscillation 
are developed almost simultaneously, so that Hint ,2 and 
Hint ,3 are ^ 25 mT and 60 mT at 1.6 K. The former 
is comparable with the internal field observed in the un¬ 
derdoped regime of 1% Fe-substituted LSCFO^S while 
the latter is much larger than this. As shown in Fig. 
He), volume fractions of the two components, namely, 
A 2 and A 3 are comparable with each other. Moreover, 
it is found that neither the internal fields nor the initial 
asymmetries exhibit significant change at Tg 2 . Accord¬ 
ingly, it is hard to attribute the two components of os¬ 
cillation neither to the successive magnetic phases nor 
to an impurity phase. Since recent remeasurements in 
the antiferromagnetically ordered state of La 2 Cu 04 with 
high statistics have uncovered minor muon-stopping sites 
in addition to the well-known major one;^ the presence 
of two comparable muon-stopping sites may have to be 
taken into account in LSCFO. 

It is unexpected that an oscillation (two components of 
oscillation in detail) has been observed in the /iSR spectra 
in the spin-glass state of 5% Fe-substituted LSCFO at low 
temperatures below Tgi, as shown in Fig. |2](b), because 
no oscillation has been observed in the spin-glass state of 
1% Fe-substituted LSCFO in the overdoped regime due 
to the large distribution of the internal magnetic field as 
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FIG. 2. (Color online) (a)(b) Zero-field ^SR time spectra of La2-a:Sra:Cui-aFea04 (LSCFO) with x = 0.25 and y = 0.05 
{p = 0.20). The spectra in (b) are in the early time region at low temperatures and shifted upward regularly by 0.2 for clarity. 
All the spectra are shown after the subtraction of the background from the raw spectra and the normalization by the value at 
t = 0. Solid lines are the best-fit results using Eq. (13.11) . (c)(d)(e) Temperature dependences of (c) the depolarization rate of 
the first component in Eq. (EH, Ao, (d) the internal magnetic fields, Rint ,2 and Bint, 3 , and (e) the initial asymmetries of the 
respective components in Eq. (13.111 for LSCFO with x = 0.25 and y = 0.05 (p = 0.20), respectively. Solid lines in (c)(d) and 
the colored areas in (e) are guides to the eye. 


described in Sec. The oscillation may be due to the 

large amount of Fe^+ spins in 5% Fe-substituted LSCFO, 
which makes the internal-field distribution narrow. The 
SDW order of itinerant spins suggested from the elas¬ 
tic neutron-scattering experiments^ may contribute the 
oscillation. 


B. Hole-concentration dependence of the magnetic 
snsceptibility in 5% Fe-substituted 

La2— X Sca; Cui—y Fe^y O 4 

In order to investigate the evolution of the succes¬ 
sive magnetic transitions with changing p, the magnetic 
susceptibility has been measured for 5% Fe-substituted 
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LSCFO in a wide range of p from the underdoped regime 
to the overdoped one. Figure[31[a) shows the temperature 
dependence of the magnetic susceptibility for LSCFO 
with X = 0.10 - 0.30 and y = 0.05. It is found that 
the successive magnetic transitions appear only in the 
overdoped regime of a: > 0.18 (p > 0.13), while the hys¬ 
teresis behavior is observed for all the samples. Hole- 
concentration dependences of Tgi and Tg 2 for 5% Fe- 
substituted LSCFO are shown in Fig. [Ub). Consider¬ 
ing the evolution of Tgi and Tg 2 with changing p, the 
observed magnetic transition in the underdoped regime 
appears to correspond to Tg 2 - Accordingly, it seems that 
Tg 2 decreases gradually with increasing p, while Tsi sud¬ 
denly appears at p ^ 0.13 and keeps high in the over¬ 
doped regime. These results are consistent with the inter¬ 
pretation that a canonical spin-glass state of Fe^’*' spins 
due to the RKKY interaction is realized in the magnetic 
phase at low temperatures below Tgii^ This is because 
the RKKY interaction holds good in a metallic state and, 
in fact, conduction electrons in the overdoped regime are 
more itinerant than in the underdoped regime. As for the 
magnetic phase at low temperatures below Tg 2 , the evolu¬ 
tion of Tg 2 with changing p suggests that the magnetic or¬ 
der below Tg 2 in the overdoped regime is the stripe order, 
because the magnetic order below Tg 2 in the underdoped 
regime is well known to be the stripe order. This means 
that the character of Cu spins changes from itinerant to 
localized at Tg 2 with decreasing temperature in the over¬ 
doped regime. Here, it is noted that the typical spin-glass 
behavior observed in the underdoped regime of a; < 0.165 
(p < 0.115) is inferred to be due to the formation of 
stripe-ordered clusters which are randomly oriented in 
zero field, as in the case of lightly-doped LSCOj ^'^i^^ 


C. Hole-concentration dependence of pSR in 1% 
Fe-snbstitnted La 2 -a:Sr 3 ,Cni_j,Fej ,04 in the 
overdoped regime 

In order to investigate the nature of the spin-glass state 
below Tgi in the overdoped regime in detail, pSR mea¬ 
surements have been carried out for 1% Fe-substituted 
LSCFO with X = 0.16 - 0.30 and y = O.OI. Figure lUJa) 
shows the ZF-pSR time spectra at 1.6 K after the sub¬ 
traction of the background from the raw spectra and the 
normalization by the value at t = 0. It is found that the 
so-called 1/3 tail of the pSR spectrum is observed for all 
the samples, indicating the formation of a static mag¬ 
netic state. No oscillation is observed even in the pSR 
measurements using the dc muon beam with a high time- 
resolution, indicating that the internal magnetic field at 
the muon site is significantly distributed in magnitude. 
This is consistent with the results that the magnetic state 
below Tgi is a canonical spin-glass state. In fact, similar 
/iSR spectra have been observed in dilute magnetic alloys 
such as Au-Fe and Cu-Mn exhibiting typical canonical 
spin-glass behaviors^ 

It is, however, noticed that the spectra shown in Fig. 
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FIG. 3. (Color online) (a) Temperature dependences of 
the field-cooled (FC) and zero-field-cooled (ZFC) mag¬ 
netic susceptibility in a magnetic field of 10 Oe for 
La 2 -a:Sra;Cui_yFea 04 (LSCFO) with x = 0.10 - 0.30 and 
y = 0.05. The data are shifted upward regularly by 3 x 10“® 
emu/mol for clarity. Arrows represent Tgi or Tg 2 defined as 
the temperature at which the ZFC data show a local maxi¬ 
mum. (b) Hole-concentration per Cu, p, dependences of Tgi 
and Tg 2 for LSCFO with y = 0.05. Solid lines are guides to 
the eye. 

IHa) are a little distinct from those of dilute magnetic 
alloys. That is, the initial relaxation of the spectrum 
appears to be of the Gaussian-type rather than of the 
exponential-type which is generally observed in spin-glass 
states in dilute magnetic alloys. To see clearly, the 
present /rSR spectra were analyzed using the following 
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FIG. 4. (Color online) (a) Zero-field ^SR time spectra at the measured lowest temperature of 1.6 K for La2-a:Sra;Cui-j,Fey04 
with X = 0.16 - 0.30 and y — 0.01. All the spectra are shown after the subtraction of the background from the raw spectra 
and the normalization by the value at t = 0. Solid lines are the best-fit results using Eq. (13.21) . (b) Hole-concentration per Cu, 
p, dependences of Ase and P obtained from the best fit in (a) using Eq. dH). 


equation with the stretched exponential function: 

A{t) = A|| exp(-Aot) + Aj_ exp{-(Aset)'^}- (3.2) 

The first term represents the so-called 1/3 component 
of muon spins which is parallel to the internal magnetic 
field at f = 0 and depolarizes on account of fluctuation 
of the internal magnetic field. The second term repre¬ 
sents the remaining 2/3 component of muon spins which 
is perpendicular to the internal magnetic field at < = 0 
and depolarizes fast on account of the large distribution 
of the internal magnetic field. The A|| and A± are initial 
asymmetries, and Aq and Age are depolarization rates of 
the respective components. The /3 = 1 (/? = 2) corre¬ 
sponds to the case that the spin density is dilute (dense) 
in a sample<^ The /iSR spectra are well fitted using Eq. 
(13.21) . as shown by solid lines in Fig. SKa). 

FigureSKb) shows values of Age and /3 obtained from the 
best fit. For all the samples of 1% Fe-substituted LSCFO 
in the overdoped regime, /3 = 1.5 - 2.3, suggesting that 
the fast muon-spin-depolarization is not caused exclu¬ 
sively by dilute (1%) Fe^’*' spins. Moreover, the muon- 
spin depolarization is apparently faster in the present 
samples of LSCFO than in Au-Fe with the same amount 
of Fe spins This also suggests an additional contri¬ 
bution to the muon-spin depolarization besides the di¬ 
lute Fe spins. Plausible candidates are polarized itin¬ 
erant spins in the SDW state revealed by the neutron 
scattering experiment The magnitude of the magnetic 
moment is estimated to be 0.13 /tb/Cu for LSCFO with 
X = 0.26 and y = 0.01. This value is not tiny com¬ 
pared with 0.65 ^b/Cu of La 2 Cu 04 ^ and even larger 
than 0.1 p-b/Cu of LSCO with x = 0.12i^2i2^ It is likely 
that the polarization of itinerant spins is not only due to 
the RKKY interaction but also be affected by the Fermi- 


surface nestingji^ That is, it seems that the good nest¬ 
ing in overdoped LSCFO enhances the polarization of 
itinerant spins, so that a SDW order is stabilized to be 
observed in the neutron-scattering experiments^ and con¬ 
tributes to the generation of the internal magnetic field 
at the muon site together with dilute localized Fe^"*" spins 
as described in Sec. IIII Al Therefore, the present results 
demonstrate the presence of a novel coexistent state of 
a SDW order and a spin-glass state in a metal including 
dilute localized spins and possessing a Fermi surface with 
a good nesting vector. 


It is found that the value of /3 decreases with hole dop¬ 
ing. This is interpreted as being due to the reduction of 
the contribution of itinerant spins to the muon-spin de¬ 
polarization, which is responsible for the Gaussian-type 
relaxation, with hole doping and due to the alternatively 
dominating contribution of dilute Fe^’*' spins leading to 
the exponential-type relaxation. It is found that the 
value of Ase, which reflects the magnitude of the internal 
magnetic field at the muon site, decreases with hole dop¬ 
ing, too. The reason why the contribution of itinerant 
spins, namely, the SDW order to the muon-spin depo¬ 
larization is reduced with hole doping is not so clear at 
present. Taking into account the results that both Tgi in 
5% Fe-substituted LSCFO and the magnetic transition 
temperature, Tn, of 1% Fe-substituted LSCFO in our 
previous paper— decrease with increasing p in the over¬ 
doped regime, the weakening of the polarization of the 
itinerant spins, namely, the weakening of the electron cor¬ 
relation with increasing p in the overdoped regime may 
be related to these results. 
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FIG. 5. (Color online) Magnetic phase diagram inp (= x — y)- 
y-T space for La 2 -ii:Sr 2 :Cui_j,Fej, 04 . Circles represent the 
magnetic transition temperature, Tn, obtained in our for¬ 
mer pSR measurements of LSCO^i^i^ and LSCFOi^S Dia¬ 
monds represent Tgi or Tg 2 at which the magnetic suscepti¬ 
bility in a magnetic field of 10 Oe shows a local maximum. 
Closed symbols represent long-range antiferromagnetic tran¬ 
sition temperatures or stripe-ordered temperatures based on 
localized Cu^"*' spins. Open symbols represent spin-glass tran¬ 
sition temperatures of Fe^"*" spins due to the RKKY interac¬ 
tion based on itinerant spins. Solid lines are guides for the eye. 
Broken lines are guides for the eye based on our speculations. 


D. Phase diagram of La 2 -a;Sra;Cui_j;Fey 04 

Figure O shows the obtained phase diagram of LSCFO 
together with the data of LSCO^ii^ii^i and 1% Fe- 
snbstitnted LSCFO^ The Tn for LSCO and 1% Fe- 
snbstitnted LSCFO was obtained in our former /rSR 
measurements)^ For 5% Fe-substituted LSCFO, the 
static magnetic state at low temperatures below Tg 2 in 
the overdoped regime is related to localized Cu^+ spins 
observed in the underdoped regime, suggesting that the 
stripe correlations continue up to p ^ 0.28. As described 
in Sec. IIII A[ it appears that the static magnetic state ex¬ 
ists at low temperatures in Fe-free LSCO with p = 0.20, 
though it may be suppressed by the superconductivity. 
Therefore, it is inferred that the stripe correlations exist 
up to p ^ 0.28 even in LSCO. This inference is consis¬ 
tent with the pSR results of LSCZO that the Zn-induced 
development of the Cu-spin correlation is observed up 
to p ^ 0.30i^ and with the inelastic neutron-scattering 
results that the incommensurate spin-correlation is ob¬ 
served up to p ^ 0.30)i5> Accordingly, it seems that the 
stripe correlations are closely related to the appearance 


of the high-Tc superconductivity)^ 

IV. SUMMARY 

In order to investigate the relationship between the 
stripe correlations and the magnetism in the overdoped 
regime induced by the Fe substitution, we have carried 
out magnetic susceptibility and ZF-pSR measurements 
in LSCFO with various x and y. Successive magnetic 
transitions have been observed in overdoped LSCFO. The 
magnetic phase at higher temperatures has been found to 
be a spin-glass state of Fe^+ spins due to the RKKY in¬ 
teraction based on itinerant spins. The magnetic phase 
at lower temperatures has been found to be developed 
continuously to the underdoped regime with decreasing 
hole-concentration, suggesting that the static magnetic 
state is a stripe-ordered state of localized Cu^+ spins. 
That is, it is likely that the character of Cu spins changes 
from itinerant to localized with decreasing temperature 
in the overdoped regime. Moreover, the static magnetic 
state at lower temperatures has been found to exist up to 
p ~ 0.28 where the superconductivity in pristine LSCO 
is terminated. Therefore, it seems that the stripe correla¬ 
tions are closely related to the high-Tc superconductivity. 
It is a future work to investigate the static magnetic state 
at lower temperatures in detail. 

As for the spin-glass phase, it has been found that 
muon spins depolarize not only by dilute Fe^"*" spins 
but also by polarized itinerant spins, contrasting to 
the usual muon-spin-depolarization in dilute alloys such 
as Au-Fc)^ Taking into account the neutron-scattering 
resultsi^ that clear incommensurate magnetic peaks due 
to a SDW order have been observed in 1% Fe-substituted 
LSCFO in the overdoped regime, the present results 
demonstrate the presence of a novel coexistent state of 
the SDW order and the spin-glass state owing to both 
dilute localized Fe^’*' spins and the good Fermi-surface- 
nesting. 
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